The Fts proteins play an important role in the control of cell division in Escherichia coli. These proteins, which possibly form a functional complex, are encoded by genes that form an operon. In this study, we examined the properties of the temperature-sensitive mutationftsZ84 harbored by low-or high-copy-number plasmids. Cells of strain AB1157, which had the ftsZ84 mutation, did not form colonies on salt-free L agar at 30°C. When a low-copy-number plasmid containing the ftsZ84 mutation was present in these mutant cells, colony formation was restored on this medium at 30°C, suggesting that FtsZ84 is probably less active than the wild-type protein and is therefore limiting in its capacity to trigger cell divisions. On the other hand, when the ftsZ84 mutation was harbored by the high-copy-number plasmid pBR325, colony formation was prevented on salt-free L agar plates whether the recipients were ftsZ84 mutant or parental cells, suggesting that, at high levels, FtsZ84 acts as a division inhibitor. The fact that colony formation was also prevented at 42°C indicates that the FtsZ84 protein is not inactivated at the nonpermissive temperature. The possibility that FtsZ84 is a more efficient division inhibitor than the wild-type FtsZ is discussed. Evidence is also presented showing that a gene adjacent to mutT codes for a product that, under certain conditions, suppresses the ftsZ84 mutation.
Of the genes implicated in the control of cell division in Escherichia coli, the ftsZ gene has probably received the greatest attention. The implication of the FtsZ protein in the inhibition of cell division after induction of the SOS response has been well documented (reviewed by Little and Mount [8] ). Information concerning the effects of the FtsZ levels on cell division control has also been obtained. This protein stimulates cell division and induces minicell formation when present at high levels and inhibits division and induces filament formation when its concentration is further increased (16) . The FtsZ protein has also been implicated in the nutritional shift-up response, an indication that it may be the target element which receives and transmits the information that is required for the cells to adapt to variations in growth conditions (7) .
If the FtsZ protein does play a key role in receiving and transmitting cell-cycle signals, it would be expected to interact with other cellular elements. Such interactions have already been identified in the case of the FtsZ-SfiA (SuIBSulA) proteins (4) (5) (6) 9) . More recently, genetic and physiological evidence that FtsZ probably interacts with FtsQ and FtsA, possibly by forming a protein complex, has been provided (3), and it is highly probable that several other interactions with FtsZ will be identified as more progress is made toward deciphering the exact role of this protein in the control of cell division.
In this paper, we describe new properties of the FtsZ protein, particularly those of the mutationally altered FtsZ84 protein. We also report on the identification, cloning, and some of the physiological properties of a new gene which is located next to mutT, and we show that it is implicated in the control of the activity of the FtsZ protein.
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MATERIALS AND METHODS
Bacterial strains and plasmids. The strains used in this study were all AB1157 derivatives. GD113 carries theftsZ84 mutation (2) , and AD12 has the same properties as GD113 except that it also harbors the lon-i mutation (3). PB26, a ftsA10 mutant lysogenic for Mu c+, was used for the selection of transmids carrying chromosomal DNA fragments of the fts gene region (2) . The relevant structural characteristics of the plasmids used in this study are presented in Fig. 1 . pPH1 was constructed by inserting a 13-kilobase-pair (kbp) BamHI fragment derived from a transmid that contained about 17 kbp of DNA of thefts region of GD113. This transmid was isolated by a previously described procedure (10) . Briefly, a lysate was prepared in GD113 cells and was used to infect PB26 cells. Selection was done on salt-free L-agar plates at 42°C. An identical procedure was followed for the isolation of a transmid carrying wild-type DNA of thefts region, except that the lysate was prepared in AB1157 cells. This source of wild-type DNA was used in the construction of pPH3, pPH12, and pAD55. Plasmids pPH1 and pPH2 are derivatives of pLG339 and pAD400, respectively. These plasmids have the pSC101 replication origin (14) . pAD400 is pLG339 but with the multiple cloning site of pUC18 inserted in the PvuII site. It was used mainly in the cloning of PstI fragments, since pLG339 lacks a PstI site. Plasmids pPH3, pPH4, and pAD55 ( Fig. 1) were pBR325 derivatives. pPH12 is a pBR322-derived plasmid which carries ftsQ, ftsA, and the 5' end of the ftsZ gene fused to codon 8 of the lacZ gene at the EcoRI restriction site (Phoenix and Drapeau, unpublished construction).
Media. Complex medium was L broth (5 g of yeast extract, 10 g of tryptone, 5 g of NaCl, and water to 1 liter) adjusted to pH 7.2 with NaOH. The Casamino Acids medium contained Vogel and Bonner salts (15) supplemented with 0.5% glucose, thiamine (2 ,ug/ml), and 0.25% Casamino Acids (Difco Laboratories). (12) . GD113, a strain carrying theftsZ84 mutation, had a slightly reduced colony-forming ability at 42°C on L-agar plates (containing 0.5% NaCl), indicating that the temperature sensitivity phenotype was still observable (see Table 2 ). However, when this agar medium contained no added salt, colony formation did not occur even at the permissive temperature, suggesting that the phenotypic expression of the ftsZ84 mutation, in this strain at least, is primarily an effect of the low salt concentration of the medium rather than of the growth temperature. Therefore, the phenotypic expression of the mutation can be simply elicited by decreasing the salt concentration of the medium.
SP EB
Complementation and suppression analyses of the ftsZ84 mutation. While studying the properties of ftsZ84 mutant cells, we made the unexpected observation that the presence in GD113 cells of plasmid pSC101 derivatives containing the ftsZ84 mutation restored the colony-forming ability in saltfree L agar at 30°C and even at 42°C for some plasmids. In Fig. 1 are shown the organization and a restriction map of the fts genes and other genes from the 2-min region of the genetic map of E. coli. A plasmid containing the wild-type ftsZ region would be able to complement theftsZ84 mutation and to allow the growth of GD113 cells, whereas this would not be expected if the same plasmid harbored the ftsZ84 allele. However, pPH1, a plasmid carrying the 13-kbp BamHI fragment from this region and which included the ftsZ84 allele, restored the colony-forming ability to GD113 cells on salt-free L-agar plates at 42°C (Table 1) . Because the ftsZ84 allele was present on both the chromosome and the plasmid, colony formation by GD113(pPH1) cells at 42°C could have occurred solely if the ftsZ84 allele were suppressed. But since the other alleles carried by pPH1 are identical to the ones present on the chromosome, suppression of the ftsZ84 phenotype could only be the result of a gene dosage effect due to the presence of one or more of the genes present on the plasmid. To identify the gene(s) present in pPH1 that was responsible for the suppression of the ftsZ84 mutation, we cut plasmid pPH1 with various restriction enzymes and cloned fragments representing different sections of this chromosomal segment in either pLG339 or pAD400. Each of these plasmids was introduced in GD113 cells by transformation, and the transformants were tested for their colony-forming abilities on salt-free L agar at 42°C. However, none of the plasmids carrying various portions of DNA from pPH1 could restore colony formation at 42°C. pPH2, a plasmid carrying the three fts genes and which Fig. 1 see text) , whereas the larger fragments in the higher portion of the figures are transmid DNA fragments harboring various lengths of chromosomal DNA (10) . Molecular weight markers from lambda DNA digests were included in each gel (HindIII, left lane; PstI, right lane).
included the ftsZ84 allele, was able to restore colony formation but only at 30°C (Table 1 ). These observations suggest that there are in pPH1 two genes or two groups of genes that need to be present together to effect full suppression of the ftsZ84 phenotype at 42°C. However, this did not appear essential in the case of AD12, a mutant strain identical to GD113 except that it carried the additional mutation lon-1. In fact, the presence of pPH2 in this strain suppressed, albeit not as efficiently as with pPH1, the thermosensitive phenotype of the ftsZ84 mutation. This finding suggests that the absence of the Lon protease in these cells enhanced the suppressing activity by pPH2.
Identification of the gene that suppressesftsZ84 at 42°C. The results obtained above suggested that suppression of the thermosensitive phenotype required more than one gene in pPH1. Since pPH2 was able to restore colony formation at 30°C, it is most probable that the correspondingfts region in pPH1 was also contributing to the suppression, but obviously pPH1 carried at least one additional gene that was required to effect full suppression at 42TC. To locate this gene(s), new transmids were isolated and analyzed. We postulated that by comparing the patterns of restriction digests of transmids isolated in GD113 with those isolated in PB26, the gene(s) responsible for the suppression could be located. Strain GD113 was lysogenized with Mu cts62 and transformed with the transmid pRRA101. Lysis was induced, and the lysates obtained were used for the transduction of GD113 cells that had previously been made lysogenic for Mu c+. Strain PB26, a Mu c+ lysogen that carried the ftsAJO allele, was used as a recipient strain in the control experiment. Selection for the transductants was at 42°C on salt-free L-agar medium containing kanamycin. Transmid DNA from several transductants in GD113 and PB26 were isolated and digested with EcoRI. From the restriction map presented in Fig. 1 , the EcoRI restriction fragments expected from digests of transmids harboring the fts region would have, from left to right, 1.0, 2.2, 2.5, 0.8, 2.6, and 1.9 kbp of DNA. However, because the insertion of chromosomal DNA regions in transmids is a random process, we expected that fragments located at the extremities of the cloned region would not be present in all transmids unless they contained a gene(s) which was necessary for the complementation and/or the suppression of thefts phenotype of the recipient strains. The transmids isolated in GD113 cells all had the 1.9-kbp EcoRI fragment ( Fig. 2A) , whereas this same 1.9-kbp DNA fragment was absent in some of the transmids isolated in PB26 and which were selected solely for their capacities to complement the ftsAlO mutation (Fig.   2B ). This observation suggested that a gene(s) present either in this 1.9-kbp fragment or adjacent to it was essential for the suppression of the ftsZ84 mutation in salt-free L-agar plates at 42°C. A plasmid containing this 1.9-kbp EcoRI fragment, pAD55, which had the pBR325 replication origin and therefore was compatible with pPH2, was introduced by transformation in GD113 and also in GD113 cells containing pPH2. The presence of pAD55 restored the colony-forming ability of GD113(pPH2) cells at 42°C on the salt-free L-agar medium but not when GD113 did not carry pPH2 (Table 1) , in agreement with the above-mentioned contention that pPH2 and one additional gene were required for the suppression. Colony formation, however, occurred only in the absence of ampicillin in the growth medium, a resistance which was conferred by pAD55. Presumably this was due to the presence of a reduced number of pAD55 plasmid molecules in the absence of the antibiotic and not to the loss of pAD55, because all cells still contained the plasmid as demonstrated by replica plating on Casamino Acids-ampicillin agar. These results indicate that the 1.9-kbp fragment had suppressor activity, but because it was present in a high-copy-number plasmid it also had an inhibiting action. Indeed, the presence of pAD55 alone in GD113 cells inhibited cell division to some extent, as evidenced by the presence of long filaments in broth cultures, filaments which were not observed when the same DNA fragment was harbored by a low-copy-number plasmid (results not shown).
Effects of an increased production of the FtsZ protein. The results of Table 1 show that pPH2, a low-copy-number plasmid carrying thefts genes including the ftsZ84 mutation, was capable of restoring colony formation by GD113 cells on salt-free L agar at 30°C. However, pPH4, a pBR325 derivative containing essentially the same genetic information as pPH2 could not do so, indicating that when present on a high-copy-number plasmid the ftsZ84 mutation was inhibitory (Table 2) . pPH3, a plasmid harboring the wild-typeftsZ allele, allowed growth of GD113 at both 30 and 42°C, but the plating efficiency and the growth rate on salt-free L-agar plates were markedly reduced as compared with those on plates containing NaCl. This suggested that, although pPH3 complemented the ftsZ84 mutation of the host cell, it also had an inhibiting effect, presumably because of the presence of higher levels of the Fts proteins. This partial inhibition was not due to the ftsZ84 mutation of the recipient cells, since pPH3 had about the same inhibiting effect when present in the parental cells. An unexpected finding was that pPH4 was strongly inhibitory in wild-type cells; this was observed not only at the permissive temperature but also at the nonpermissive temperature. That this inhibition was not due to the synthesis of high levels of FtsQ and FtsA without FtsZ84 or to the incapacity of FtsZ84 to associate with FtsQ and FtsA was demonstrated by studies with pPH12. pPH12, which had both the ftsQ and ftsA genes and only a small segment of the ftsZ gene, had no effect on colony formation by the wild-type cells. It can be concluded from these observations that the presence of a high-copy-number plasmid carrying the wild-type fts genes inhibits growth on salt-free L-agar plates but that the same plasmid harboring theftsZ84 allele is even more inhibitory. Since, in the latter, the inhibition also occurs at the nonpermissive temperature, we can further conclude that the thermosensitive phenotype, which is a well-known characteristic of the ftsZ84 mutation, cannot be explained by an absence of FtsZ activity. DISCUSSION In the present study, we describe some of the properties of theftsZ84 mutation. This mutant allele, which is well known to exhibit a temperature-sensitive phenotype, can also be phenotypically expressed at the permissive temperature, as shown by the incapacity of mutant cells to grow on salt-free L-agar medium. In fact, not only is the ftsZ84 mutation expressed on this medium but an inhibition due to an overproduction of FtsZ can also be detected (Table 2) . To ensure that this inhibition was not due to an increased production of FtsZ without the presence of FtsQ and FtsA, we included wild-type copies offtsQ and ftsA in all of the plasmids that we tested. The inclusion of these genes was considered to be important because the Fts proteins probably form a functional complex, and any discrepancy in the concentration ratios of these proteins may have a deleterious effect on the formation and hence on the activity of such a complex (3) .
It appears that the mutationally altered FtsZ84 protein is less active than its wild-type counterpart in triggering cell division and therefore becomes the limiting division factor.
We have observed that cultures of GD113 contain a significant number of filaments even in broth media containing the appropriate NaCl concentration, but such filaments are absent when pPH2 is present (unpublished observation). We have shown in the present study that pPH2 can restore colony formation on salt-free L-agar plates at 30°C but not at 42°C. Thus, although the presence of pPH2 brings that activity above the threshold level, this is not sufficient to allow cell survival under more stringent growth conditions. On the other hand, increasing FtsZ84 production by using pPH4 instead of pPH2 is inhibitory, an effect which is observed even in wild-type cells.
It would appear that FtsZ has a dual role in cell division control, that of being either an activator or an inhibitor of cell division depending on the FtsZ level in the cell. It should be remembered that synthesis of FtsZ seems to be regulated in such a way that its concentration in the cells is maintained at a higher level than those of other Fts proteins (17) .
Perhaps the rate of cell division is regulated by a complex of interacting Fts proteins, the activity of which is influenced by the number of associated FtsZ molecules. That is, when the complex contains fewer FtsZ subunits, its activity in stimulating cell division is minimal, but this activity increases gradually upon the incorporation of additional FtsZ molecules in the complex. At too high a concentration of FtsZ, however, the structure of the complex might be modified with the consequence that its activity is reduced, and therefore septation is initiated less frequently. It has been shown that the presence of a multicopy plasmid harboring the wild-type ftsZ gene in a ftsQJ mutant or a wild-type ftsQ gene in GD113 cells is more detrimental to cell growth and/or cell division than when the same plasmids are present in the wild-type cells (3) . This suggests that an increase in the level of one of the Fts proteins in a cell which contains a mutationally alterated Fts protein can more drastically affect the distribution of the protein molecules within the complex. The same reasoning could be used to explain the enhanced inhibitory effect of FtsZ84 when compared with the inhibition created by the wild-type FtsZ. This explanation is also in keeping with observations made by Ward and Lutkenhaus, who reported that increasing the level of the wild-type FtsZ protein stimulates cell division but that, when FtsZ production is increased to very high levels, normal division is inhibited and the cells grow as filaments (16) .
Inhibition by pPH4 in AB1157 cells also occurs at 42°C, which implies that the FtsZ84 inhibitory activity is unimpaired at this temperature. However, this does not explain why ftsZ84 is a thermosensitive mutation. Perhaps at 42°C the FtsZ84 protein adopts a structure that is inactive for triggering cell division. This possibility appears unlikely, however, since the presence of pPH2 in AD12, a ion-ftsZ84 double mutant, did not prevent growth at 42°C on salt-free L agar plates. It is known that lon mutations stabilize certain temperature-sensitive proteins, and it might be suggested that growth of AD12 cells is due to a higher FtsZ84 content. However, this is also improbable because increasing the FtsZ84 content in GD113 or AB1157 cells by transformatiQn with pPH4 strongly inhibits cell division. Another possibility is that lon mutant cells have a higher content of SfiA protein and that, since this protein interacts with FtsZ (4-6, 9), this interaction could modify the equilibrium of the activating and the inhibiting activities within the Fts protein complex.
In this study, we have also provided evidence for a new gene product that is capable of suppressing the FtsZ84 phenotype. The gene which plays this role is adjacent to mutT; although it has not yet been delineated on the 1.9-kbp EcoRI DNA fragment, it is likely to be the only active gene present in this fragment. Indeed, pAD55 also contains approximately 400 bp of the mutT gene (1), and therefore the remaining 1.5-kbp segment of DNA probably only has the coding capacity for one complete gene. Suppression of the FtsZ84 phenotype is more efficient with pPH1 than when pPH2 and pAD55 are present together, perhaps because in the latter situation a one-to-one stoichiometry of FtsZ84 and of the product of the gene present in pAD55 is not obtained. However, the possibility that one or more of the other genes present in pPH1 plays some role in the suppression of the FtsZ84 phenotype has not been ruled out.
Phenotypic expression offtsZ84, like that of many temperature-sensitive mutations, has been shown to be suppressed by the addition of NaCl to the growth medium (12) . This salt-dependent phenotype cannot be attributed solely to the mutation, since growth inhibition in the absence of NaCl can also occur in wild-type cells when they carry pPH3, a plasmid harboring the wild-type fts genes. Furthermore, since this salt effect is observed at both 30 and 42°C, it is probably not due to a membrane phase change. A more likely explanation is that the presence of NaCl favors certain interactions among the protein molecules, interactions that are more readily perturbed at high temperatures when one of the molecules is mutationally altered.
